Abstract-This work presents a new strain sensor with a compact structure. The strain sensor comprises of a pair of cantilever beams with different lengths connected by a short tip. The residual strain causes two beams to deflect each other, thereby magnifying the deflection, which is measured by the tip. The displacement is independent of both Young's modulus and the film's thickness. An analytical model is derived to relate the measured displacement to residual strain. Finite-element modeling is also used to analyze the model. This work also thoroughly considers other factors that influence the designs and the implicit limitations of the strain sensors. Experimental results with an SiO2 film as well as undoped LPCVD polysilicon films are used to demonstrate the effectiveness of the proposed structure.
I. INTRODUCTION

M
EASURING stresses in thin films is vital to designing fabrication processes and actual devices. A variety of methods have been developed to measure residual stresses in thin films [1] - [10] . A conventional approach involves using microstructures for passive strain sensing. These are basically suspended microstructures that deform under residual stresses. These microstructures are fabricated in situ along with the active devices on the same chip. One type of the passive strain sensors utilizes the buckling technique. The technique is based on proof structures in which a beam's maximum length remains unbuckled under a compressive strain [1] . Previous efforts have modified these proof structures as ring or diamond structures for measuring tensile strain [2] - [4] . However, there are some disadvantages in using the buckling technique. For instance, an entire array of the microstructures is needed, implying that: 1) they occupy a large area and 2) the difference in the beam's length in the array determines the strain resolution. Another disadvantage is that the boundary condition can be a factor determining strain accurately.
Other types use only one microstructure. The so-called Tand H-shaped microstructures provide the displacement of a junction between wide and narrow beams [5] , [6] . However, such structures yield extremely small displacements, thereby making an accurate measurement difficult. Long cantilever beams to magnify the displacement have also been proposed. One kind is a rotating pointer comprised of two opposed test beams and a third beam as the gauge [7] , [8] . The strain of two test beams is converted into the rotation of the third beam, and then the stress level in the two test beams is deduced by measuring the free end movement of the third beam. Accurate measurements require a long third beam, but this is limited due to the out-of plane deformation. In addition, the stiffness and stress concentration of the turning points can significantly influence the movement. Therefore, the strain sensor requires a correction factor for different widths of the turning points. Another kind of strain sensor uses an indicator beam to magnify the small displacement of a long test beam through a sloped beam [9] , but the residual stress and the stiffness of the sloped beam affect on the measurement. Gianchandani et al. [10] designed a passive strain sensor that utilized a pair of bent beams with an apex at the mid-points. The bent beams magnify deformations, similar to a parallelogram mechanism. The magnification of the motion is attributed to the tilt angle of the bent beams, which is highly sensitive to the variations of the tilt angle. The strain sensor performance depends on properly designing the tilt angle and the symmetry of the bent beams.
In this paper, we present a new structure for a strain sensor, which has a significantly small structural size but a large magnification factor. The proposed sensor requires no correction factor. An analytical model is also derived and characterized to relate the measured displacement to residual strain. Finite element modeling is used to support the analytical model, and experimental results with SiO and polysilicon films are used to demonstrate the sensor performance, which is compared to the data from other strain sensors. The difference between the two test beams with respect to elongation or contraction due to residual strain after removing the underlying layer causes the deflection of two beams. This deflection can also be magnified by an extended indicator beam. A vernier gauge located at free end of the indicator beam can be used to quantify the deflection.
II. OPERATING PRINCIPLES
III. ANALYTICAL MODELING AND FINITE-ELEMENT MODELING (FEM)
A. Analytical Modeling Fig. 2 displays the analytical models of the strain sensor. In Fig. 2 (a) the parameters and represent the lengths of long test beam and short test beam, respectively. In addition, and denote the width and thickness of two beams, respectively. Free ends of two cantilever beams are connected by a rigid beam with a length significantly smaller than two cantilever beams. Where denotes the distance (or gap) between center lines of the two beams. When the strain is released after removing the underlying layer, the difference between two beams with respect to elongation is denoted by Meanwhile, a reactive bending moment an axial force and a transverse force are induced at the boundary, as shown in Fig. 2(b) . Therefore, the system can be considered as two connected beams subjected to a bending moment, an axial force, and a transverse force at the fixed end of long test beam to have the difference of the elongation as shown in Fig. 2(c) . It can be found that (1) where the strain in the long test beam is obtained as the subtraction of the strain due to the residual strain and the (3)- (5) strain due to the axial force thus Similarly, the strain in the short test beam, is Where denotes the Young's modulus and represents the area of the cross section of the beams. Thus, (2) If the strain sensor is in a compressive state, the values of the residual strain and the axial force are positive. For a reverse situation, both values are negative in tensile state.
By unit-load method [11] , the following equations can be derived:
where the formula for coefficients in (3)-(5) are listed in Table I .
Then, by solving the above three equations, the values of axial force transverse force and bending moment can be found. For determining the displacement of the tip, a dummy unit force at tip point is applied, as shown in Fig. 2(c) . In compressive state, the displacement of the point can be expressed as (6) From (3) to (6), can be expressed as (7) where (8), shown at the bottom of the page. Appendix A presents detailed derivation for (3)- (8) . According to (8) and Table I , Young's modulus of the structure and the thickness of the beams do not influence the displacement of the tip at all, since both factors are eliminated in (8) the (8) . The conversion factor is related to geometrical parameters of the structure, including and only. The optimal design of the structure for a higher magnification factor, against buckling and without out-of-plane deformation can be obtained further. Increasing the gap distance seriously reduces the displacement. Our preliminary investigation reveals that the maximum displacement can be achieved when is near to 0.5. The optimized gap distance is around 1-3 m.
B. FEM
This work employs a commercial finite-element code AN-SYS 5.2 not only to perform strain-displacement analysis of the strain sensor, but also to support the analytical results. Strain is introduced in the model by applying uniform temperature change along the beams. Fig. 3 compares the displacements obtained by the analytical model with the FEM. This comparison demonstrates that the analytical approach is valid under linear behavior. Nonlinear behavior under largedeformation theory is obtained by FEM alone. Fig. 3 indicates that the strain sensor shows nonlinear behavior at larger compressive strain levels. However, we can employ the proper dimensions of the strain sensors to meet the specification.
IV. CHARACTERIZATION OF THE STRAIN SENSOR
A. Buckling Criteria
The models in Fig. 4 (a) and (b) have simplified the device by representing it as an angled pinned-pinned bridge if the vertical buckling happened, and as an angled clamped-clamped bridge if the horizontal buckling happened [12] . Thus, the axial forces that cause buckling are for vertical buckling (9) for horizontal buckling (10) where compressive residual stress; tensile residual stress; horizontal buckling; vertical buckling. Thus, the criteria of the residual strain without causing buckling can be found as for vertical buckling (11) for horizontal buckling.
According to (11) and (12), vertical buckling is more critical than horizontal buckling unless markedly exceeds For example, Fig. 5(a) and (b) presents the critical strains for the variations of short beam length for horizontal and vertical buckling, respectively. Hence, different dimensions of the strain sensors can be made for various strain ranges.
B. Side Wall Effect
Nonvertical side wall definitely influences the accuracy of the model. Assumed herein that the function of side wall profile is as depicted in Fig. 6 , where denotes width variation at the bottom of the side wall and represents a side wall profile factor. When the side wall is vertical, is zero and is also equal to zero. Next, the cross-section area and moment of inertia are derived 
where and will replace of the cross-section area and moment of inertia in (2) and (3) if the side wall is far from vertical. According to the analytical modeling, residual strain is expressed as a function of displacement by (7), where is given by (8) . According to Table I direction due to isotropic etching. Fig. 7 displays the error of calculated strain between vertical side wall and nonvertical side wall for width variation. This figure indicates that, for our stain sensor, the calculated strain due to width variation deviates less than 2%. Fig. 8 summarizes the effect of side wall profile factor(n), where is 3 m and equals 10% of beam width. According to this figure, the error drops sharply as increases. In addition, the deviation of the calculated strain between vertical side wall and nonvertical side wall is less than 1.5% due to factor in our case. Moreover, the results in Fig. 8 are independent of since thickness is eliminated from coefficient
C. Stress Gradient Effect
Stress gradient may cause a significant out-of-plane deformation of the structure, which is a source of error in the strain sensor measurement. However, this problem can be resolved if the bending effect on the measured displacement is compensated. Gradient stress in general tends to bend released structures up or down. A simple calculation is stated to quantify the error on lateral displacement measurement due to the stress gradient effect. In the proposed strain sensor, residual stress not only elongates the beams but also results in the lateral deflection of the beams. It is assumed herein that the bending of the beam exists due to gradient stress and its projected length along the actual length of the straight beam is denoted as as shown in Fig. 9 . Thus, the difference of the lateral displacement, between the free end of the straight beam and the bending beam can be obtained approximately by geometrical configuration (15) where and denotes a differential angle of lateral deflection, represents the outof-plane displacement, is the radius-of-curvature, is the thickness of the beam, and is the average stress gradient in the film.
In most cases, including our results, remains extremely small for the minute angle of Hence, error in displacement measurement due to stress gradient effect is negligible. However, excessively warped films would require this compensation.
V. FABRICATIONS, MEASUREMENT, AND DISCUSSIONS
A. Fabrications
For polysilicon films, a conventional surface-sacrificial layer method is used. The wafers are divided into two groups: one group is put into postannealing, but another is not. For wet oxide films, a bulk micromachining is used. A 2-m S O film is thermally grown. Finally, the test beams and the extended indicator beam are released by anisotropical time-etching of the Si-substrate [13] . Owing to limitation in our laboratory, we utilize wet etching method to demonstrate the strain sensor's new structure. However, it is possible to fabricate the vertical side wall by other feasible micromachining technique (e.g. Anisotropic Reactive Ion Etching method). Therefore, the primary advantages, i.e., Young's modulus independency, thickness independency, no correction factor and compact structure, which we claim for our device may remain.
B. Measurement
An optical microscope mounted with a ruler is used to determine the displacement of the tip beam. To measure the displacement, a reference edge is used, otherwise, a vernier gauge can be incorporated into the design. Here we also use the symmetric design, in which two independent strain sensors are constructed symmetrically. In this manner, the double displacement, can be obtained by taking the difference of the distance between two tip beams, as shown in Fig. 10 .
Figs. 11 and 12 display the displacements of the tip beam versus different short beam lengths for a wet oxide film and a LPCVD polysilicon film, respectively. The strains calibrated from these strain sensors are 1320 1350 and 1400 for the wet oxide film, and are 1250 1200 and 1270 for the polysilicon film. The maximum differences are within 80 and 70 for the oxide film and the polysilicon film, respectively. The variations in calibrated strains may be attributed to the nonuniform distribution of residual stress in overall film on the wafer. The average calibrated stress in this wet oxide film is about 94 MPa (compressive). The average calibrated stress in the undoped LPCVD polysilicon film without post annealing is about 200 MPa (compressive), and is less than 30 MPa (compressive) after 1-h annealing. In this study, we also fabricate other strain sensors on the same chip, as shown in Fig. 13 . Table II lists the calculated strain and measured 
C. Discussions
It is recommended to make the sacrificial layer thicker to avoid the sticking problem for surface micromachining structures. One potential source of error in the strain measurements is the nonvertical side walls of test beams owing to etching isotropy. However, Fig. 14 indicates that the side wall of the structure proposed herein is nearly vertical, despite the fact that we use wet etching, which can contribute to the deeper undercut during etching beams. Even the side walls generally have 5-10% width variation in the vertical direction due to isotropic etching, the error of the calculated strain based on assumption of vertical side walls will be less than 2% for our stain sensor. Reactive ion anisotropic etching (RIAE) process Fig. 13 . Comparison of our strain sensors with other strain sensors [1] , [7] , [9] on the same chip. can fabricate structures with vertical side walls, however, this technique is currently unavailable in our laboratory. This also accounts for why the optimal gap (small gap) distance of the strain sensor can not be obtained herein. Another possible source of error is nonuniform residual strain distribution of the film over the wafer. Moreover, experimental results demonstrates that the strain sensors fabricated by surface or bulk micromachining techniques are highly promising for different materials.
VI. CONCLUSION
This work presents a new compact structure of strain sensors for both tensile and compressive strain measurements. The analytical model of the strain sensor is free from correction factor. Moreover, the sensor's accuracy is significantly enhanced because the displacement is independent of both Young's modulus and the thickness of the film. Significant factors such as buckling criteria, side wall effect, and stress gradient effect are also thoroughly studied to understand the implicit limitations of the strain sensors. Moreover, an analytical model is derived to relate the measured displacement to the residual strain, thereby optimizing the microstructure and ultimately improving the measured displacement by altering the geometrical dimensions become possible. APPENDIX A By unit-load methods, three constitutive equations are existed for the frame structure in Fig. 2(c) (16) (17) (18) where and denote the moments along the structure generated by the dummy unit loads, respectively. In addition, presents the moment generated by the axial force is the moment generated by the transverse force and denotes the moment generated by the bending moment Table III lists the products of  and  by  and Where represents the axial elongation difference of two-test beams, denotes the Young's Modulus, and is the moment of inertia of two beams about axis. By integrating (16)-(18) and combining (2) , (3)- (5) are derived. Therefore, by solving these three simultaneous equations, the values of axial force transverse force and bending 
where Subsequently, to determine the displacement of the tip point a dummy unit force at tip point in the deflection direction is applied, as shown in Fig. 2(c) which is assumed to be under compressive state. Then, by following a similar derivation as above, the displacement of the point can be derived from the equation below
where denotes the moment along the structure generated by the dummy unit force applied at tip point in the deflection direction. Table III lists the products of  and  by  After integrating (22), is expressed as
Then, by substituting (19)-(21) into (23) and rearranging (23), can be expressed as a function of which is presented in (7) and (8) .
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